Fast degradation rates in the physiological environment constitute the main limitation for magnesium alloys used in biodegradable hard tissue implants. In this work, the corrosion behavior of AZ91 magnesium alloy in simulated body fluids (SBF) was systematically investigated to determine its performance in a physiological environment. The influence of the main constituent phases on the corrosion behavior was studied by in situ visual observation and scanning electron microscopy. Energy dispersive x-ray spectrometry and Fourier transfer infrared spectroscopy revealed that both calcium and magnesium phosphates are present in the corroded products besides magnesium oxide. Electrochemical methods including open circuit potential evolution and electrochemical impedance spectroscopy were used to investigate the mechanism. The corresponding electrode controlled processes and evolution of the corrosion products layer were discussed. The degradation rate after immersion in SBF for seven days was calculated from both the weight loss and hydrogen evolution methods.
I. INTRODUCTION
Because of their high strength, ductility, and good corrosion resistance, metallic materials such as stainless steels, cobalt-based alloys, and titanium alloys constitute an important class of materials for hard tissue replacements, especially load-bearing implants. However, because these materials do not degrade spontaneously after implantation into the human body, a second surgical procedure may be necessary after the tissues have healed. Repeated surgeries increase the costs as well as patient morbidity. In addition, mismatch of the elastic moduli between metallic biomaterials and natural bone results in stress shielding effects that can lead to reduced new bone growth. 1 In this respect, biodegradable magnesium-based alloys have potential applications, and good biocompatibility has in fact been observed in clinical and in vivo and in vitro assessments. [2] [3] [4] Unfortunately, pure magnesium and its alloys corrode too quickly at the physiological pH (7.4-7. 2) as well as in physiological media containing high concentrations of chloride ions, thereby losing mechanical integrity before the tissues have sufficient time to heal. Furthermore, during the corrosion process, release of hydrogen gas may be too fast to be endured by the host tissues. 1 The corrosion behavior of magnesium alloys in chloride solutions has been studied. [5] [6] [7] [8] The electrode controlled processes such as mass transfer, charge transfer, and evolution of corrosion byproducts have been investigated by electrochemical techniques such as electrochemical impedance spectroscopy (EIS) and open circuit potential evolution. 6, [8] [9] [10] [11] It is known that the environment has a large influence on the corrosion behavior. For instance, the physiological environment contains many other ions including phosphates, sulfates, and carbonates in addition to chlorides that can attack the materials, 12 and the alloys may corrode differently. Studies by Kuwahara and Witte have contributed to the understanding of the behavior of biomedical magnesium alloys in Hank's solution as well as in vivo and in vitro environments. 1, [13] [14] [15] [16] [17] However, most of these studies focus on degradation behavior in the physiological environment or interaction with body tissues and do not address in detail the electrochemical behavior. Therefore, they do not provide detailed information about electrode-controlled processes in the alloy/solution system and their variation with immersion time. EIS is a powerful technique for studying the electrochemical corrosion processes on metals and coated metals. When a small amplitude excitation signal is applied to the system, its response depends on the electrode kinetics processes. It usually consists of several different subprocesses including mass transfer, charge transfer, and so on. By analyzing these responses, the individual processes may be deduced. 8, 18 Combining results of EIS and other electrochemical tests such as potentiodynamic polarization and open circuit potential evolution leads to a better understanding of the corrosion process of alloys.
In this work, the electrochemical behavior of AZ91 magnesium alloys in simulated body fluids (SBF) was systematically investigated by open-circuit potential evolution and EIS. The corrosion mechanism and electrode controlled processes are discussed. The degradation rate in SBF is gauged by both hydrogen evolution and weight loss.
II. EXPERIMENTAL DETAILS

A. Sample preparation
Commercially available extruded AZ91 Mg alloys provided by YiHo Corporation, Shenzhen, China were used. Their compositions are listed in Table I . The dimensions of the samples used in the experiments were 15 mm × 15 mm × 3 mm. They were ground with #4000 waterproof diamond paper followed by ultrasonic cleaning in alcohol.
B. In situ visual observation and corrosion product identification
After the samples were taken out of the test solution and exposed to air, the surface turned white, and the morphology changed as well. 5 Therefore, the corrosion morphology was observed in situ by optical microscopy. The micromorphologies after immersion in SBF for 1 day, 4 days, and 7 days were also observed by scanning electron microscopy (SEM). The composition of the corrosion products was determined by energy dispersive xray spectroscopy (EDS). Fourier transform infrared (FTIR) spectroscopy was conducted from 4000 to 400 cm −1 to identify the functional groups in the corrosion products.
C. Electrochemical behavior
The electrochemical corrosion behavior was investigated by open-circuit potential evolution (E corr -t) and EIS using Gamry Reference 600 (Gamry Instruments, Warminster, PA). The ion concentrations in the SBF are shown in Table II . 19 A three-electrode cell with the sample as the working electrode, saturated potassium chloride electrode as the reference electrode, and platinum electrode as the counter electrode was used. In the E corr -t test, changes in the open circuit potential were monitored as a function of immersion time for about 240 ks. The data were recorded every 120 s. The impedance data were recorded from 100 kHz to 10 mHz with a 10 mV sinusoidal perturbing signal. The lowest frequency was set to 10 mHz to reduce the time and potential noise interference. The EIS measurement may be affected by phase shifts from the potentiostat in the high frequency region, so the upper frequency limit was set at 100 kHz. 18 In the EIS measurement, the sample was immersed in the test solution until the final test had been completed. All the electrochemical tests were carried out at room temperature.
D. Degradation rate measurement
The hydrogen evolution rates and corresponding degradation rates were monitored as a function of immersion time. The average degradation rates after immersion in SBF at about 37°C for 7 days were calculated by means of weight loss and hydrogen evolution. In the hydrogen evolution method depicted in Fig. 1 , the hydrogen evolution volume was measured, and the degradation rate was deduced from the reaction below:
In the weight loss method, the corroded specimens were removed from the test solution after immersion, cleaned with distilled water, and dried. They were subsequently immersed in chromate acid (200 g/l CrO 3 + 10 g/l AgNO 3 ) for 5-10 min to remove the corrosion products. Afterwards, the specimens were washed with distilled water and dried again. The dried specimen was weighed, and the degradation rate was calculated as follows:
where DR refers to the degradation rate, W is the weight loss from the sample, and A and t represent the exposure area and exposure time in SBF, respectively.
III. RESULTS AND DISCUSSION
A. In situ visual observation and corrosion products
It is well known that secondary phases have a pronounced influence on the corrosion resistance of magnesium alloys. The AZ91 magnesium alloy is a typical two-phase material. The high Al content often exists in the form of the ␤ phase (Mg 17 Al 12 ) along the grain boundaries. 6 As shown in Fig. 2 , the ␤ phase (denoted by arrows) can be seen after polishing. The ␤ phase has two main forms, the fine ␤ phase and continuous ␤ phase. When the materials are soaked in SBF, corrosion takes place on the entire surface with evolution of hydrogen. Hydrogen bubbles are retained on the surface by surface tension. Based on the photograph taken after 2 min, intense corrosion (denoted by arrows) preferentially initiates form the boundary where the ␤ phase contacts the surrounding matrix, the ␣ phase. The photographs taken after 2 h reveal serve corrosion around the fine ␤ phase. However, a different situation is observed from the continuous ␤ phase. Here, spreading of corrosion along the matrix tends to be blocked. After 2 h of immersion, the matrix around the fine ␤ phase has completely corroded whereas no corrosion is observed from the adjacent ␤ phase. Mg 17 Al 12 exhibits a more passive behavior over a wide pH range than either Al or Mg and is found to be inert in chloride solutions in comparison with the Mg matrix. It thus can serve as a corrosion barrier. 12 Its barrier role is, however, limited to precluding corrosion from spreading laterally or progressing deeply into the matrix. On the other hand, the ␤ phase is cathodic with respect to the matrix. 6 It can significantly accelerate the matrix corrosion rate by forming micro-galvanic couples between the ␤ phase and matrix. It should also be mentioned that filiform corrosion is not observed during the entire immersion duration.
The microcorrosion morphologies after immersion in SBF for 1, 4, and 7 days are monitored by SEM. The composition of the corrosion products is determined by EDS, and the results are shown in Fig. 3 . All the surfaces after immersion for the three different durations are found to have corroded completely as manifested by cross-linked cracks. The presence of cracks may be attributed to dehydration of the corroded layer after drying in warm air and in the SEM vacuum chamber. The EDS spectra disclose that the corrosion products are mainly composed of Mg, Al, Zn, P, Ca, and O. The Ca to P atomic ratios are about 0.44, 0.60, and 0.55 after immersion for 1, 4, and 7 days, respectively, and they are much lower than those of calcium phosphates. 20 The weight percent of magnesium in the corrosion products after immersion for 4 and 7 days are much lower than that after immersion for 1 day, but those of P, O, and Ca are higher, implying accumulation of corrosion products and richer phosphates in the corrosion products. The elemental weight percents in the corrosion products are similar after immersion for 4 and 7 days.
The FTIR spectra acquired from the samples soaked in SBF for 1, 4, and 7 days are displayed in Fig. 4 from 3700 to 2500 cm −1 and a weak water absorption band at around 1650 cm −1 are observed. The obvious absorption bands at 1160 and 1040 cm −1 correspond to phosphates, and the weak, broad band from 1400 to 1550 cm −1 originates from carbonates. 21 According to Canham and co-workers, 22 a sharp P−O bending mode doublet at 600 cm −1 is indicative of the crystalline phase of hydroxyapatite. No such absorption mode is observed from these three samples. The absorption peak at 520 cm −1 is from Mg−O (MgO). 23 When the sample is exposed to an aqueous corrosion medium, the following reactions take place 12 :
When the sample is taken out of the solution, Mg(OH) 2 transforms to hydrated magnesium oxide (MgO·H 2 O), 8 as corroborated by FTIR. It is believed that the absorbed Mg ions block the surface growth sites of the calcium phosphate crystals and thus suppress homogeneous crystallization of calcium phosphate in the Mg 2+ containing solution. 20 The solubility of most calcium phosphates such as hydroxyapatite and tricalcium phosphate decreases at higher pH values. 24 During corrosion, a large amount of Mg ions dissolve into the test solution and the pH value increases due to reaction (3). The high Mg ion concentration depresses precipitation of calcium phosphate. Hence, the increase in the pH value is believed to play a crucial role in the precipitation of calcium phosphate. In the SBF, insoluble tertiary magnesium phosphate, Mg 3 (PO 4 ) 2 , may also precipitate as the corrosion products from the following reaction 25 :
As discussed above, the pH value of the SBF increases because of reaction (3). Consumption of OH − by H 3 PO 4 accelerates the forward reaction (4) and stimulates precipitation of insoluble Mg 3 (PO 4 ) 2 . Precipitation of magnesium phosphates thus appears to be the reason for the low Ca to P ratio in the corrosion products. Li et al. 26 have demonstrated that the pH value of SBF in contact with pure magnesium increases quickly initially and becomes constant after about 3 days. The stable pH value implies a balance between the formation and dissolution of the corrosion products and may be the reason for the similar elemental weight percents in the corrosion products after immersion for 4 and 7 days.
B. Electrochemical behavior
The corrosion potential (E corr ) indicates that electrochemical reactions take place at the electrode-solution interface. The variations in the corrosion potential with immersion time can be used to study the reactions occurring at the electrode-solution interface. The typical E corr -t curve acquired from the AZ91 magnesium alloy is shown in Fig. 5 . At the beginning, E corr shifts to the positive direction gradually, and from about 50 ks, the potential stabilizes and large fluctuations cannot be observed during subsequent immersion. It is noted that at about 16.6 ks, a sudden drop in the corrosion potential appears, implying the occurrence of pitting corrosion.
The same drop appears again at about 19 ks, indicating the formation of the second pit. A gradual increase in the corrosion potential follows the drop of the potential, indicating the self-limiting effect of pitting corrosion. This self-limiting effect is associated with the cathodic reaction. 12 A byproduct produced in the cathodic reaction is OH − , which can raise the localized pH value, accelerating the formation and stabilization of the corrosion products, and hence pitting corrosion can be depressed gradually to some extent. When the magnesium alloy is exposed to the corrosion medium, chemical dissolution together with electrolyte penetration results in spontaneous corrosion on the entire surface, resulting in the formation of corrosion products, including magnesium hydroxide and magnesium phosphate, as discussed above. However, it is difficult for the corrosion products to precipitate in the microcathode (␤ phase) area where hydrogen is evolved. Due to diffusion of OH − , the corrosion products precipitate mainly at the vicinity of the microanode (␣ phase). 18 As a result, the active region decreases, and protection by the corrosion products layer is enhanced progressively with longer exposure time. This is the reason why the corrosion potential shifts to the nobler direction. The origin of pitting corrosion in the magnesium alloy lies in the inhomogeneous crystal. In the AZ91 magnesium alloy, Mg 17 Al 12 has a higher standard voltage 7 and forms an electrolysis junction with the surrounding matrix. Pits are often formed due to selective attack along the Mg 12 Al 17 networks. 7 The corrosion product can depress this galvanic effect between the two phases. 18 After immersion for a sufficiently long time, the galvanic effect is depressed to some extent, and the corrosion mechanism changes from general corrosion to pitting corrosion. The critical chloride concentration required for pitting corrosion to occur on magnesium is about 30 mmol/L, 27 which is much lower than that in SBF that contains 142 mmol/l. 19 Hence, pitting corrosion is a common behavior of magnesium alloys exposed to SBF. EIS is a powerful technique for studying the electrochemical corrosion process on metals. When an excitation signal with a small amplitude is applied to the system, the response depends on the electrode kinetics. It usually consists of several different subprocesses, including mass transfer, charge transfer, and so on. By analyzing these responses, the individual processes may be deduced. 18, 28 The representative EIS spectrum acquired from the AZ91 magnesium alloy as a function of immersion time is displayed in Fig. 6 . Comparing the impedance data obtained for different immersion duration, the EIS exhibits a pronounced and well-regulated evolution in both the high-and low-frequency regions with time. The high-frequency behavior of the EIS is associated with electrolyte penetration, including water uptake and electrolyte intrusion. 18 The properties of the corrosion products and alteration can be determined at high frequencies. Usually, the low-frequency region conveys important information about the electrode control process as well as the contribution from localized defects to the overall impedance. 18 Here, the variations at low frequencies may be attributed to changes in the corrosion product layer, and the evolution at low frequencies probably results from changes in the corrosion mode. After soaking in SBF, a corroded layer forms quickly, and two capacitive loops at high frequency and low frequency are observed in the Nyquist plot at the beginning of immersion. They generally result from charge transfer, effects of the corrosion products layer, and mass transfer. 18 Prolonging the immersion time leads to larger high-and low-frequency loops before 36 h. This variation in impedance is associated with thickening of the corroded layer and improved protection by this layer. From 36 h onward, only one capacitive loop appears with significantly reduced impedance, suggesting the presence of pitting corrosion. At 48 h, there is also only one capacitive loop with increasing impedance. This increase in the impedance also suggests the self-limiting effect of pitting corrosion. From the beginning of immersion, an inductive loop occurs at low frequencies and as time elapses, the inductive loop becomes more invisible before pitting corrosion. As mentioned above, the ␣ matrix and ␤ phase form galvanic couples, and intense corrosion occurs at the edge where the ␣ matrix contacts the ␤ phase. The presence of the inductive loop probably results from intense microgalvanic corrosion between the ␣ matrix and ␤ phase. With accumulation of the corrosion products, this galvanic-couple effect is depressed, and the inductive loop becomes more invisible as well. The EIS results are in good agreement with the open-circuit potential evolution test.
C. Degradation rate in SBF
As discussed in the previous section, reaction (1) takes place in an aqueous corrosion medium. The volume of evolved hydrogen is related to dissolution of magnesium. The corrosion products do not influence the relationship between hydrogen evolution and magnesium dissolution. The hydrogen evolution method is thus reliable, easy to implement, and not prone to errors inherent to weight loss measurements. 12 In addition, this technique has the advantage that variations in the degradation rates can be monitored by the hydrogen evolution rates, allowing the study of the degradation rate variation versus exposure time. It is known that hydrogen gas evolution during the corrosion process is too fast to be dealt with by the host tissues.
1 A study on the variation of the hydrogen evolution rate with exposure time is thus of great value. Considering the quick variation of the hydrogen evolution rates in the early stage, the measuring intervals are set small. Due to the small hydrogen volume at the latter stage, a larger interval is used. Figure 7 depicts the hydrogen evolution rates and corresponding degradation rates as a function of immersion time in SBF. The hydrogen evolution rate in the first 2 h is very high and drops significantly during the subsequent 4 h. It decreases more slowly after 6 h of immersion and stabilizes from about 44 h. The average degradation rates after by the weight loss method. The two results are quite consistent. The degradation rate calculated from the sample without removing the corrosion products is only about half that cleaned by chromate acid. The high degradation rate of magnesium alloy in SBF stems from aggressive attack by chloride, sulfate, phosphate, and carbonate ions, among which chloride ions pose the biggest threat. 12 Chloride ions can transform the surface Mg(OH) 2 into more soluble MgCl 2 . Dissolution of Mg(OH) 2 makes the surface more active or decreases the protected area, consequently promoting further dissolution of magnesium. Song et al. also suspect that chloride ions are involved in the intermediate step of magnesium dissolution by accelerating the electrochemical reaction rate from magnesium to magnesium univalent ions. 29 The reaction can be summarized as follows 27 :
As discussed above, precipitation of Mg 3 (PO 4 ) 2 consumes OH − , promotes the forward reaction, and stimulates dissolution of magnesium. The effects of carbonates tend to be more complex. They can accelerate or slow the corrosion rate of magnesium depending on the concentration of HCO 3 − . According to Geneviève's work, 8 when the concentration of HCO 3 − exceeds about 40 mg/L, the corrosion rate goes up due to accelerated dissolution of the Mg(OH) 2 (MgO) protection film. If the concentration is lower than this critical concentration, corrosion of magnesium can be retarded. The HCO 3 − concentration in the SBF is about 256 mg/L, 19 which is much higher than 40 mg/L. Hence, carbonates also increase the corrosion rate in SBF. Sulfates are also aggressive to magnesium but not to the extent of chloride ions. 29 On account of the large area of fresh surface and inferior protection offered by the corrosion products, intense corrosion takes place during early exposure, and the corrosion rate is high. Subsequent passivation of the active surface and accumulation of corrosion products decelerate corrosion. After immersion for a sufficiently long time, an equilibrium between the formation and dissolution of the corrosion products is established, leading to stable degradation rates.
IV. CONCLUSION
The corrosion behavior of AZ91 magnesium alloy immersed in SBF was studied by in situ visual observation, SEM, and electrochemical methods. The composition of the corrosion products was determined by EDS and FTIR. The average degradation rates and variations in the degradation rates with exposure time was determined from the immersion tests. The secondary phase (␤ phase) has a pronounced influence on corrosion. It accelerates the corrosion rates by forming galvanic couples, but the continuous ␤ phase also tends to block the spreading of corrosion along the Mg matrix. Filiform corrosion is not observed during immersion in SBF. Besides magnesium oxide, both magnesium and calcium phosphate precipitate as the corrosion products. The phosphate contents increase with immersion time and stabilize after about four days of immersion. Pitting corrosion is a common behavior of AZ91 magnesium soaked in SBF, but is selflimited due to accumulation and stabilization of the corrosion products by OH − . The corrosion rates that are very high during early exposure decrease significantly afterward and stabilize from about two days. 
